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ABSTRACT 

 
Sophisticated cooling technologies are essential to cool gas turbine airfoils, as the hot gas temperature in gas 

turbines is far above the permissible metal temperatures to maximize the thermal efficiency. Internal cooling is 

widely used in modern gas turbine airfoils for the high cooling performance. Among different internal cooling 

techniques, teardrop-shaped dimple surface is a prominent method for high heat transfer performance and low 

pressure drop. In the present study, in order to investigate the effects of rotation-angle of teardrop-shaped dimples 

on heat transfer enhancement, experiments were performed by transient technique with compensation of three-

dimensional heat conduction analysis. Three-dimensional thermal conductivity analysis was performed by finite 

volume method in OpenFOAM. The vertical direction temperature gradient on the dimpled surface was calculated 

for the Reynolds number in a range of 16,000 to 36,000. Five different rotation angles were examined in the present 

study, where whole 0 deg dimpled surface was rotated by 15, 30, 45, and 60 deg. The experimental results revealed 

that the highest heat transfer occurred at 30 deg rotated dimpled surface at the Reynolds number of 16,000 to 

36,000. The highest friction factor was found at 30 deg dimpled surface and lowest friction factor found for 0 deg 

dimpled surface. The overall heat transfer performance of the airfoil internal cooling was evaluated in terms of 

heat transfer efficiency index and the maximum value was found for 30 deg rotated dimpled surface. 
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1. INTRODUCTION 
 

Gas turbines play vital contribution in modern land based electricity generation and aeronautical propulsion 

system.  Gas turbines are being operated at high turbine inlet temperature (TIT) for high thermal efficiency 

and greater power output. Modern gas turbine engines are designed to run at TIT of 1800–2000 K. The highest 

value of TIT is limited by the material properties such as the yield strength at high temperatures [1]. Thus, in 

order to ensure a good structural integrity, acceptable material life and safety standard, the turbine blades have 

to be cooled intensively by using various cooling techniques, such as internal convective cooling, and film 

cooling on the blade exterior [2]. Turbine internal cooling techniques have been summarised in several studies 

[3-6] and discussed about various cooling performance enhancement techniques such as impingement cooling 

[7], rib turbulators [8], pin-fins [9], dimples [10], lattice cooling [11] etc. Among those techniques, internal 

cooling by dimples show promising heat transfer performance with lower pressure drop compared to the pin-

fins, and rib turbulators. Some recent researches [12-15] have explained that among various shapes of dimples 

the teardrop-shaped dimples provide distinctively higher heat transfer performance compared to others. The 

experimental and the standard k–ω turbulence model numerical study by Rao et al. [16] showed that the 

teardrop-shaped dimple surface can enhance heat transfer performance by as much as 18.0% higher than the 

spherical dimples for the Reynolds numbers of 8,500–60,000. However, the effect of the rotational angle of 

teardrop-shaped dimple surface has not been discussed yet. An experimental study was performed to find the 
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effects of rotation angle of teardrop-shaped dimple surface on heat transfer performance of the internal cooling 

of gas turbine airfoil at Reynolds number, Re =16000 to 36000. 

 

2. EXPERIMENTAL APPARATUS AND EXPERIMENTAL METHOD 
 

The experimental apparatus mimics the flow path of the internal cooling flow passage of a gas turbine airfoil 

by placing the dimpled surface at the top wall of the rectangular channel. Figure 1 shows the schematic of an 

experimental setup, which is a rectangular flow passage of a height H =20mm, width of 10H, and a length of 

27H. The channel was made of transparent acrylic glass plate. The Ge glass window (ϕ132mm) and dimpled 

surface were installed at the bottom wall and top wall respectively. Air as the working fluid was sucked and 

driven by a blower installed at the downstream. Air was heated by mesh heater installed at the inlet. To measure 

air temperature K-type thermocouples (ϕ100μm) were installed in the spanwise direction at both inlet and 

outlet of the channel. The dimpled surface temperature was measured by a K-type thermocouple (ϕ50µm) 

embedded in the wall surface and the emissivity adjustment was also made. All the data of thermocouples were 

recorded by Agilent Data Logger (model: 34901A). The Infrared (IR) thermometer (FLIR® T620, 640×480 

pixel2, 30 fps) was placed at the centre of the Ge glass window (21H), to measure the transient heat transfer at 

the dimpled surface. The pressure drop ΔPl [Pa] was measured by a digital manometer (model: Yokogawa-

MT210) through a pair of static pressure holes (ϕ0.5mm) at an interval l (=8.75H).  

 

 
 

Fig. 1  Schematic of experimental apparatus. 

 

 
(a) Teardrop-shaped dimple 

 
(b) ϕ = 0 deg dimples 

 
(c) ϕ = 15 deg dimples 

 
(d) ϕ = 30 deg dimples 

 
(e) ϕ = 45 deg dimples 

 
(f) ϕ = 60 deg dimples 

 

Fig. 2  (a) Geometry of dimple, (b) - (f) Dimple arrangements for rotation angle of ϕ 0 to 60 deg. 
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Figure 2(a) shows the schematic a teardrop-shaped dimple. The dimples used in this study had a long axis 

length of 0.85H, a spherical part radius of curvature of 0.625H, and a diameter H. The dimple streamwise pitch 

was 1.08H and spanwise pitch was 1.25H. Dimples were arranged in staggered manner to maintain high density 

of dimples. To avoid overlapping of the dimples during rotation, the whole dimpled surface was rotated rather 

than the dimples. The base arrangement of rotation angle ϕ =0 deg dimpled surface was rotated in the slanted 

lateral direction by ϕ =15, 30, 45, and 60 deg as shown in Fig. 2(b)-(f)).  

 

ANSYS® GAMBIT® 2.4 was used to create the computational domain for compensation of three-dimensional 

heat conduction as shown in Fig. 3. As boundary condition in the streamwise direction, the adiabatic boundary 

condition was applied for all angle of rotated dimpled surface. In the spanwise direction the adiabatic boundary 

condition was applied for ϕ =15 and 45 deg rotated dimples, while the periodic boundary condition was applied 

for ϕ =0, 30, and 60 deg rotated dimples due to the arrangement of dimples. In the bottom wall, adiabatic 

boundary condition was applied. In the dimpled wall (top surface) transient heat transfer surface temperature 

measured by using the IR camera was assigned as the boundary condition. 

 

 
 

Fig. 3  Computational domain used for analysis (figure shows case of ϕ =30 deg). 

 

2.1 Heat Transfer Enhancement and Pressure Loss Measurement  
Compensation of three-dimensional heat conduction [17] was numerically analyzed in OpenFOAM 2.3 by finite 

volume method and from the numerical results, heat flux qnormal [W/m2] was calculated by using equation (1)- 

 normal w
n

T
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 (1) 

Here, 
T
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: surface-normal temperature gradient [K/m], and λw : thermal conductivity of wall [W/(m·K)]. In the 

present study, acrylic plate (λw =0.19 W/(m·K)) was used for dimpled surface. The heat transfer coefficient, h 

[W/(m2.K)], and Nusselt number, Nu [-] were calculated by using air temperature (Tf) and dimpled surface 

temperature (Tw) from equation (2) and (3). The equivalent diameter was considered as, d =2H. 
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Here, λf : thermal conductivity of air [W/(m·K)]. Reynolds number, Re [-] was defined by equation (4)- 

 
f,m

f

2U H
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ν
  (4) 

Here, Uf,m : flow rate [m/s], νf : kinematic viscosity [m2/s]. The pressure loss, ΔPl was evaluated by using the 

friction coefficient, f [-] according to equation (5)- 
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   (5) 

Where, ρf : density of the fluid [kg/m3]. At the smooth surface the Nusselt number, Nu∞ and the friction factor, 

f∞ were calculated by using Kays and Crawford equation [18] and Blasius solution by equations (6) and (7)- 
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 0.5 0.80.022Nu Pr Re   (6) 

 0.250.079f Re   (7) 

In internal cooling technique, both high heat transfer and low pressure loss are important for efficient cooling. 

The overall heat transfer efficiency index, η [19] was evaluated by corelating Nu∞ and f∞ from equation (8)- 

 

 
1

3

St St
η

f f





  (8) 

Here, the Stanton number, ( )St Nu Re Pr  and the suffix, ∞ was the value of the smooth surface under the 

same blowing power, and Pr: Prandtl number [-] = 0.71. Experiments were performed for Re =16,000~36,000. 

 

2.2 Uncertainty: To verify the reproducibility, the experiments were repeated at least twice in the same 

conditions. Uncertainties for all parameters were calculated by using Kline and McClintock method [20]. The 

experimental uncertainties of Num/Nu∞, f/f∞ and η were within 10~13.7%, 3~7.5%, and 7.3~8.7% respectively. 

The error bars in the figures of the following section present the uncertainties of the experiments. 

 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
 

In order to comprehend the effects of the rotation angle of teardrop-shaped dimple surface on heat transfer, Fig. 4 

shows local Nusselt number ratio, NuL/Nu∞, for the five rotated angles, ϕ = 0, 15, 30, 45, and 60 deg at Re =16,000. 

In the Figs. 4(a)-(e), the low and high values of NuL/Nu∞ are shown in red and blue colors respectively. The 

color contours of NuL/Nu∞, show the maximum value at ϕ =30 deg dimples at the blue region. In Fig. 4(c) the blue 

area indicates higher NuL/Nu∞ compared to the green and red areas of the other rotation angles, ϕ =0, 15, 45, and 

60 deg (Fig. 4(a), (b), (d) and (e)). It was caused by high local Nusselt number ratio behind the sloped leading edge 

of dimples and in front of the trailing edge. 

 

 
(a) ϕ =0 deg dimples (b) ϕ =15 deg dimples (c) ϕ =30 deg dimples 

 
(d) ϕ =45 deg dimples 

 
(e) ϕ =60 deg dimples 

 

Fig. 4  Contours of local Nusselt number ratio, NuL/Nu∞, at Re =16,000. 

 

The value of surface average Nusselt number ratio, Num/Nu∞ versus Reynolds number, Re is shown in Fig. 5. It is 

certainly found that the maximum value at Num/Nu∞ at ϕ = 30 deg (Fig. 5(a)). This is because of the dimples at ϕ 

=30 deg are linearly arranged (inline) with respect to the flow direction. It is anticipated the flow generated from 

the dimples on the upstream side had a strong influence on the flow in the dimples on the downstream. Figure 5(b) 

shows the comparisons of Num/Nu∞ for different angles of rotation of dimpled surface. At for Re =16,000 the 

higher values of Num/Nu were found compared to Re =26,000 and Re =36,000. 
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(a) Num/Nu∞ for different Re 

 
(b) Num/Nu∞ for different angles of rotation 

 

Fig. 5  Comparison of Num/Nu∞ for different Re, and angles of rotation of the dimpled surface. 

 

Figure 6 shows the friction factor, f/f∞ for Re =16,000 to 36,000 at different angles of rotation. In the Reynolds 

number range of 16,000-36,000, f/f∞ became the lowest at  =0 deg and the highest at ϕ =30 deg dimpled 

surface (Fig. 6(a)). As the dimples were inclined with respect to the flow direction at  =30 deg, it is predicted 

that the developed secondary flow was stronger than  =0,15, 45, and 60 deg rotated dimples. As the secondary 

flow leads to high pressure loss on the dimpled surface, f/f∞ values were high at  =30 deg. With the increase 

of Re, the friction factors increased at different angles of rotation of dimpled surface as shown Fig. 6(b). 

 

 
(a) f/f∞ for different Re 

 
(b) f/f∞ for different angles of rotation 

 

Fig. 6  Comparison of f/f∞ for different Re, and angles of rotation of the dimpled surface. 

 

The comparison of heat transfer efficiency index, η, with respect to Re is shown in Fig. 7(a), and the 

comparison of η, for different rotation angles of the dimples is shown in Fig. 7(b). In this study, the heat transfer 

and friction factor for a smooth surface were used as the reference in terms of St∞ and f∞ respectively. Since 

the value of η is depended on Num/Nu∞ and f/fs, so with the increase of Num/Nu∞ the η increased and with the 

increase of f/fs the η decreased. The higher value of η than unity indicates high heat transfer enhancement. 

From the Fig. 7(a) and 7(b), it is clearly observed that the maximum value of η was obtained for  =30 deg 

rotated dimples. With the increase of the Re, the value of the heat transfer efficiency index, η decreases. 

 

 
(a) η for different Re 

 
(b) η for different angles of rotation 

 

Fig. 7  Comparison of η for different Re, and angles of rotation of the dimpled surface. 
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4. CONCLUSIONS 
 

In this study, experiments were performed to investigate the effects of the rotation angles of dimples on heat 

transfer enhancement for internal cooling passage of gas turbine airfoil. The heat transfer coefficients were 

calculated by using transient heat transfer technique. From the results, following conclusions were drawn: 

(1) The value of Nusselt number ratio changed with the change of rotation angles of teardrop-shaped dimples 

and the maximum value was obtained at the rotation angle of 30 deg dimpled surface. 

(2) The maximum friction factor was found for 30 deg rotated dimpled surface. With the increase of Reynolds 

number from 16,000 to 36,000 the friction factor increased. 

(3) The highest heat transfer efficiency index was achieved at 30 deg rotated dimpled surface. The higher is 

the Reynolds number, the lower is the heat transfer efficiency index was observed.  
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